We describe results from a scanning Hall probe microscope operating in a broad temperature range, 4 -300 K. A submicron Hall probe manufactured in a GaAs/AlGaAs two-dimensional electron gas is scanned over the sample to measure the surface magnetic fields using conventional scanning tunneling microscopy positioning techniques. The magnetic field structure of the sample together with the topography can be obtained simultaneously. The technique is noninvasive with an extremely low self-field of Ͻ10 Ϫ2 G and yields a quantitative measurement of the surface magnetic field in contrast to magnetic force microscopy. In addition the microscope has an outstanding magnetic field resolution ͑ϳ1.1ϫ10 Ϫ3 G/ͱHz at 77 K͒ and high spatial resolution, ϳ0.85 m. Images of individual vortices in a high-T c Y 1 Ba 2 Cu 3 O 7Ϫ␦ thin film at low temperatures and magnetic domains in an Fe-garnet crystal at room temperature are presented.
I. INTRODUCTION
Various techniques have been developed to investigate the surface magnetic structure of materials, including Hall probe, scanning superconductivity quantum interference device ͑SQUID͒ 1 and magnetic force microscopies ͑MFMs͒, 2, 3 Bitter decoration, Faraday rotation, and electron holography. 4 Recently, the scanning Hall probe microscope ͑SHPM͒ 5 has been shown to be a very sensitive, noninvasive instrument with which to obtain quantitative measurements of surface magnetic field profiles with high spatial resolution ͑Ͻ1 m͒ under variable temperature and magnetic field operation. Our microscope has a very high field resolution ͑ϳ2ϫ10 Ϫ4 G/ͱHz͒, wide measurement bandwidth ͑Ͼ10 kHz͒, and extremely low self-field ͑Ͻ10 Ϫ2 G͒, at 4.2 K. We show here that SHPM can resolve individual vortices at the surface of Y 1 Ba 2 Cu 3 O 7Ϫ␦ thin films in an operation range of 4 -90 K ͑i.e., even very close to T c ͒ as well as magnetic domains in ferromagnetic materials at room temperature.
II. EXPERIMENTAL DETAILS
The microscope incorporates a Hall probe which is brought into close proximity with the sample surface by using scanning tunneling microscopy ͑STM͒ positioning techniques. The Hall probe is mounted on the piezotube of a custom manufactured low temperature STM with a stick-slip coarse approach mechanism and is tilted approximately 1°-2°with respect to the sample. The active Hall sensor is patterned about 13 m away from the chip corner which has been coated with a thin layer of gold to serve as a tunneling tip. The sample is first approached until tunneling is established and then the Hall probe is scanned across the surface to measure the magnetic field and the surface topography simultaneously as sketched in Fig. 1 . Alternatively the sample can be retracted about 0.2-0.5 m and Hall probe scanned much more rapidly to measure the magnetic field profile with a slightly lower spatial resolution. The Hall probe is manufactured in a GaAs/Al 0.3 Ga 0.7 As two-dimensional electron gas ͑2DEG͒ ͑n 2D ϭ2.7ϫ10 11 cm
Ϫ2
and ϭ300 000 cm 2 /V s at 4.2 K in the dark͒. We microfabricate 1 m linewidth Hall probes, yielding an effective electrical width ϳ0.85 m after the edge depletion. The spatial resolution of the sensor is defined by the intersection of two of these wires.
A SEM micrograph of a Hall probe is shown in Fig. 2 . The active Hall probe is about 13 m away from the corner of a deep mesa etch, which is coated with gold. Therefore the mesa corner, not the corner of the chip, serves as a tunnel tip. The tip metalization does not cover the Hall bar in order to reduce noise and coupling between the tunneling current and the Hall voltage and to improve the frequency response of the probe.
A PZT5H piezotube is used for the scanner with a ϳ20 m scan range at 4.2 K. The control electronics is homemade and the microscope can be operated in normal SHPM or STM tracking SHPM mode. Hall currents of ϳ1-10 A are supplied with a precision current source and the Hall voltage is measured with an AD625 low noise instrumentation amplifier band limited to 1 kHz. The microscope is placed in a cryostat with a 1.5-300 K variable temperature insert and a 7 T superconducting magnet. The cryostat is mounted on a double stage vibration isolation platform in an anechoic chamber to eliminate external disturbances.
III. RESULTS AND DISCUSSIONS
The probes have ϳ0.3 ⍀/G Hall coefficient and a magnetic field resolution of ϳ1.5ϫ10 Ϫ2 G/ͱHz at room temperature. The main noise component is the Johnson noise of the Hall bar. The field resolution is improved to ϳ1.1ϫ10 Ϫ3 G/ͱHz at 77.6 K and estimated to be ϳ2ϫ10 Ϫ4 G/ͱHz at 4.2 K. The frequency response of the Hall probe is almost flat up to ϳ10 kHz at 77.6 K and then rolls off with 10 dB/decade. Images usually take a couple of minutes to scan in the nontracking SHPM mode. The noise figures and the wide frequency response of the Hall probe suggest that quasi-realtime operation should be feasible with reasonably high scan rates of ϳ1 frame/s.
We have used an iron-garnet crystal to test the microscope at room temperature. The sample is coated with a thin layer of gold ͑30 nm͒ to obtain a good tunneling contact. In nontracking mode the Hall probe is retracted about 0.5 m after tunneling has been achieved. Figure 3͑a͒ shows a mag-FIG. 3 . Scanning Hall probe microscopy at 300 K. Image sizes are ϳ40ϫ40 m. ͑a͒ SHPM without tracking; ͑b͒ SHPM with STM tracking; and ͑c͒ simultaneous STM scan. The vertical scales are ͑a͒ Ϫ10 to ϩ10 G, ͑b͒ Ϫ28 to ϩ28 G, and ͑c͒ ϳ1 m. netic field image at the surface of the garnet sample measured at 300 K. Simultaneous images of magnetic field and surface topography of the same region are displayed in Figs. 3͑b͒ and 3͑c͒ obtained in STM tracking SHPM mode. The garnet sample has stripelike magnetic domains in which the moment is oriented perpendicular to the surface. The active size of the probe is measured to be ϳ0.85 m if abrupt domain walls are assumed, consistent with our expectations.
A molecular-beam epitaxy ͑MBE͒ grown 0.35 m thick Y 1 Ba 2 Cu 3 O 7Ϫ␦ thin film on a MgO substrate has been used for our low temperature experiments. The critical temperature of the film is found to be ϳ82 K by magnetization measurements performed with the Hall probe itself. Figure 4 shows the scanning Hall probe microscope image of the film obtained at 77.6 K with the Hall probe positioned 0.4 m above the film. The sample was field cooled at ϩ2 G. There are approximately 65 individual flux quanta ͑⌽ 0 ϭ20.7 G m 2 ͒ in the image compared to the theoretical estimated mean of 71. Another SHPM image of the same sample at 59 K after field cooling at ϩ1 G is shown in Fig. 5 . As the temperature is reduced, the penetration depth is seen to decrease quite rapidly and the vortices start to sharpen up. We have investigated the sample under various field values and at Ϫ1 G we clearly observe that vortices become inverted. In a sample cooled at ϩ5 G we cannot observe individual vortices but vortex clusters at these temperatures. We have integrated the magnetic field of a number of individual vortices at various temperatures and obtained ϳ0.8 -0.9 of a single flux quantum ⌽ 0 . It is possible to estimate the penetration depth from these images. The magnetic field near a vortex a height z above a thin film superconductor can be approximated by
where k ␥ ϭ ͱ␥ 2 ϩ1/ 2 , z is measured from the center of the film, d is the film thickness, and the penetration depth. The integral is calculated numerically with the known operation parameters of zϭ0.58 m, dϭ0.35 m, and the Hall probe calibration while is varied to fit the measured vortex profile. The size of the Hall probe has also been included by convoluting the calculated field values. Figure 6 shows the same area of the sample at 77.6 and 59 K which has been field cooled at ϩ1 G. Cross sections along the lines shown are displayed in Fig. 7 . Solid lines are fits of Eq. ͑1͒ and yield ϳ0.88 m at 77.6 K and ϳ0.5 m at 59 K. We have compared these two data with two different theoretical models of the temperature dependence of the penetration depth. 
IV. CONCLUSIONS
We have constructed a scanning Hall probe microscope with an unprecedented performance and achieved room temperature operation in ferromagnetic crystals for the first time. Individual vortices in a Y 1 Ba 2 Cu 3 O 7Ϫ␦ thin film have been successfully imaged with high resolution and the penetration depth has been extracted close to T c . Future efforts will focus on reduction of the probe size to smaller dimensions and quasi-real-time imaging with the microscope. Incorporation of a one-dimensional sample translation stage is also planned so that flux profiles can be imaged across an entire sample.
